Introduction
This paper focuses the analysis on the control of doubly fed induction machine (DFIM) based high power wind turbines when they operate under presence of voltage dips. Most of the wind turbine manufacturers build this kind of wind turbines with back to back converter sized to approximately 30% of the nominal power [1] . This reduced converter design provokes that when the machine is affected by voltages dips, it needs a special crowbar protection [2] in order to avoid damages in the wind turbine and meet the grid code requirements.
The main objective of the control strategy proposed in this letter is to eliminate the necessity of the crowbar protection when a low-depth voltage dip occurs. Hence, by using direct torque control (DTC), with a proper rotor flux generation strategy, during the fault it will be possible to maintain the machine connected to the grid, generating power from the wind, reducing over currents, and eliminating the torque oscillations that normally produce such voltage dips. In Fig.1 the wind turbine generation system together with the proposed control block diagram is illustrated. The DFIM is supplied by a back-to-back converter through the rotor, while the stator is directly connected to the grid. This paper only considers the control strategy corresponding to the rotor side converter. The grid side converter is in charge to keep controlled the dc bus voltage of the back-to back converter and reactive power is exchanged through the grid by this. As can be noticed from Fig.1 the DFIM control is divided into two different control blocks. A DTC that controls the machine's torque (T em ) and the rotor flux amplitude with high dynamic capacity, and a second block that generates the rotor flux amplitude reference, in Order to handle with voltage dips. When the wind turbine is affected by a voltage dip, it will need to address three main problems:1) from the control strategy point of view, the dip produces control difficulties, since it is a perturbation in the winding of the machine that is not being directly controlled (the stator); 2) the dip generates a disturbance in the stator flux, making necessary higher rotor voltage to maintain control on the machine currents; and 3) if not the special improvements are adopted, the power delivered through the rotor by the back-to-back converter, will be increase of voltage and currents [2] in the rotor of the machine, provoking finally, an increase of the dc bus voltage [3] .
Taking into account this, depending on the dip depth and asymmetry, together with the machine operation condition at the moment of the dip (speed, torque, mechanical power, etc.),implies that the necessity of the crowbar protection is inevitable in many faulty situations. However, in this letter, a control strategy that eliminates the necessity of the crowbar activation in some low depth voltage dips is proposed.
II.

Analytical Study
When a voltage dip occurs, the stator flux evolution of the machine is imposed by the stator voltage equation 
It is appreciated that it is very hard to achieve sinusoidal currents exchange, since only the rotor flux amplitudes controlled by a DTC technique.
Consequently, as proposed in next section, a solution that reasonably cancels the exponential terms from (3) is to generate equal oscillation in the rotor flux amplitude and in the stator flux amplitude. Finally, as it will be later shown that the quality of the currents is substantially improved with this oscillatory rotor flux, rather than with constant flux.
III.
Rotor Flux Amplitude Reference Generation Strategy:
As depicted from Fig. 3 , the proposed rotor flux amplitude reference generation strategy, adds a term ( ) to the required reference rotor flux amplitude accordating to the following expression:
With , the estimated stator flux amplitude and │ │ voltage of the grid (not affected by the dip). This voltage can be calculated by several methods, for instance, using a simple small bandwidth low-pass filter, as illustrated in Fig.3 . It must be highlighted that constants K 1 -K 5 from (2) are not needed in the rotor flux reference generation reducing its complexity. 
Note that at steady state without dips presence, the term will be zero. However, when a dip occurs, the added term to the rotor flux reference will be approximately equal to the oscillations provoked by the dip in the stator flux amplitude. For simpler understanding, the voltage drop in the stator resistance has been neglected.
IV.
Simulation Results
The simulated wind turbine is a 2 MW, 690 V, = 1 3 and two pair of poles DFIM. The main objective of this simulated validation is to show the DFIM behavior when a low depth [in this case 30%, as illustrated in Fig.2 (a) ] symmetric voltage dip occurs with and without the proposed flux reference generation strategy and at nearly constant speed. The simulations are performed in MATLAB/Simulink.
During the dip, it is desired to maintain the torque controlled to the required value (20%), allowing to eliminate mechanical stresses to the wind turbine. This issue is achieved, as shown in Fig.2 (b) and (g), only if the oscillatory rotor flux is generated. For this purpose, the rotor flux is generated according to the block diagram of Fig.3 , generating an equivalent oscillation to the stator flux amplitude [see Fig.2 (h) ]. It must be pointed out that DTC during faults is a well-suited control strategy to reach quick flux control dynamics, as well as to dominate the situation, eliminating torque perturbations and avoiding mechanical stresses. Consequently, the proposed control schema maintains the stator and rotor currents under their safety limits, avoiding high over currents, as shown in Fig.2(i) and (j) , either in the voltage fall or rise. However, as predicted in theory, it is hard to avoid deterioration of the quality of these currents. Nevertheless, if the rotor flux is maintained constant, the currents will go further till their limit values, as shown in Fig.2(d) and (e), provoking in a real case, a disconnection of the wind turbine or an activation of the crowbar protection. Moreover, by mitigating the over currents of the rotor, the back-to-back converter is less affected by this perturbation, producing short dc bus voltage oscillations, as illustrated in Fig.2(f) .
Finally, it can be said that the proposed control is useful at any operating point of the wind turbine, as well as at any type of faults (one phase, two phases). The performance will be limited only, when the rotor voltage required is higher than the available at a given dc bus voltage.
V.
Conculsion
Simulation results have shown that the proposed control strategy mitigates the necessity of the crowbar protection during low depth voltage dips. In fact, the dc bus voltage available in the back-to-back converter, determines the voltage dips depth that can be kept under control.
For future work, it would be interesting to explore the possibility to generate a modified reference of rotor flux and torque, in order to be able to address deeper voltage dips without crowbar protection.
